ABSTRACT. 1,2-Hydroxypyridinones (1,2-HOPO) form very stable lanthanide complexes that may be useful as contrast agents for Magnetic Resonance Imaging (MRI). X-ray diffraction of single crystals 
Introduction
High chelate stability is essential for lanthanide complexes in medicine because lanthanide ions have known toxicity via their interaction with Ca(II) binding sites. 2 Additionally, the application of weak Gd(III) chelators as MRI contrast agent (MRI-CA) can cause nephrogenic systemic fibrosis in patients with low kidney activity. 3 To date gadolinium based contrast agents for magnetic resonance imaging (MRI-CA) used clinically rely on conveniently available aminocarboxylate chelates derived from DTPA and macrocyclic DOTA. 4 However, the weak Gd(III) nitrogen bond does not significantly contribute to chelate stability in these compounds. Thus, only octadentate ligands provide sufficient chelate stability, which limits the number of coordinated water molecules to one (q = 1). The resulting limit in relaxivity can be circumvented by utilizing the known oxophilicity of lanthanides. Purely oxygen donor ligands such as hydroxypyridinone (HOPO, Chart 1) and terephthalamide (TAM) chelates allow two 5 or three 6 coordinated water molecules (q = 2 or 3) at the metal center without destroying chelate stability, and have been established as candidates for high relaxivity next generation contrast agents. These ligands combine enhanced relaxivity and high stability -a combination considered impossible for small molecular weight MRI-CA based on aminocarboxylate ligands. 7 The further development of mixed 3,2-HOPO-TAM chelates follows the current trend of improving relaxometric properties of MRI-CA by formation of polymers 8 , dendrimers 9 or supramolecular compounds. 10 The feasibility of applying such 3,2-HOPO chelates as MRI-CA has been proven successfully in vivo.
11
It has been one of the very few disfavored features of 3,2-HOPO that the solution structure of its lanthanide complexes cannot be elucidated by other means than relaxometry. Methods such as Dy (III) induced paramagnetic shift in 17 O-NMR spectroscopy, 12 or fluorescence spectroscopy of parent Eu (III) or Tb(III) chelates 13 have been investigated without much success. As such, information about the solution structure including the hydration number q for 3,2-HOPO and TAM chelates has been inferred only by relaxometry based on reasonable assumptions about the values of several parameters and, whenever possible, on the comparison of 1 H and 17 O NMR relaxation data. The recent discovery of the excellent luminescence sensitizing properties of 6-carboxylamide-1,2-hydroxypyridonates (1,2-HOPO)
for Eu(III) 14 allows the correlation of relaxometric data with fluorescence spectroscopy for 1,2-HOPO compounds. Contrary to several well studied 3,2-HOPO chelates, only TREN-1,2-HOPO 15 and TACN-1,2-HOPO 6 have been described as 1,2-HOPO chelates for MRI contrast agents. Comparison of the solid state structure and NMRD profile of Gd-TREN-1,2-HOPO with Gd-TREN-3,2-HOPO led to the conclusion that these complexes behave very similarly in solution. 15 Thus, 1,2-HOPO can be used as a fluorescent tool to elucidate solution structure of HOPO chelates by fluorescence spectroscopy in addition to relaxometry and solution thermodynamics. The following contribution presents details on solution stability and structure of the Eu(III), Gd(III) and Zn(II)
complexes of TREN-1,2-HOPO. For the first time, fluorescence spectroscopy of a TREN-HOPO chelate as the Eu(III) complex are used to support solution structure assignments based on relaxivity measurements for the same ligand with Gd(III). This comparative study of relaxometric data of the 1 H and 13 C NMR spectra were obtained on Bruker AVQ-400 spectrometers and are reported in ppm.
Mass spectra and elemental (CHN) analyses were performed at the Elemental Analysis Facility, College of Chemistry, UC Berkeley. Unless specified, solvents were removed by rotary evaporation.
Synthesis

3-Benzyloxy-4-methylcarbamido-1-methyl-2-pyridone
3-Benzyloxy-4-carboxy-1-methyl-2-pyridone (2.56 g, 10 mmol) was dissolved in toluene (10 mL).
Oxalylchloride (3.81 g, 30 mmol) and three drops of DMF were added. Volatiles were removed after gas evolution ceased (~ 1 hr) and the remaining solid was dissolved in dry THF (50 mL). Methylamine (40 % in water; 50 mL) was diluted with THF (50 mL), cooled on an ice bath and the solution of 3-benzyloxy-4-carboxychloro-1-methyl-2-pyridone was added. The reaction mixture was stirred on an ice bath for 4 hr. and dichloromethane (250 mL) was added. The reaction mixture was washed with 1 M HCl (3 x 100 mL), 1 M KOH (3 x 100 mL) and water (1 x 50 mL) and dried over ).
3-Hydroxy-4-methylcarbamido-1-methyl-2-pyridone
3-Benzyloxy-4-methylcarbamido-1-methyl-2-pyridone (2.34 g, 8.59 mmol) was dissolved in acetic acid (6 mL). Hydrochloric acid (6 mL) was added and the solution was stirred for 18 hrs. Solvents were removed under reduced pressure. Water (100 mL) was added to the remaining yellowish suspension.
The mixture was extracted with methylene chloride (2x 100 mL) and the remaining colorless suspension was filtered. (Table S1 ).
Solution Thermodynamics
The experimental protocols and equipment used have been previously described. 16 To determine the Figure S3 ) and interpreted to assign protonation sites. The smallest change in absorption between two species results from the protonation at the amine nitrogen atom, which is not directly adjacent to the 1,2-HOPO chromophores monitored in the wavelength region between 280 and 380 nm.
1 H (Table S6 ; Figure 4 ) and 13 C NMR (Table S7 ; Figure S3 ) titrations were performed on a solution The general procedure used to determine the conditional stability constants pGd, pZn or pCa of a TREN-1,2-HOPO complex was competition batch titration adapted from a previous report. Figure S9 ) and the spectra of free and fully complexed TREN-1,2-HOPO as references.
Photophysical Measurements
UV-Visible absorption spectra were recorded on a Varian Cary 300 double beam absorption spectrometer using quartz cells of 1.00 cm path length. Emission spectra were acquired on a HORIBA Jobin Yvon IBH FluoroLog-3 spectrofluorimeter, equipped with 3 slit double grating excitation & emission monochromators (2.1 nm/mm dispersion, 1200 grooves/mm). Spectra were reference corrected for both the excitation light source variation (lamp and grating) and the emission spectral response (detector and grating).
Luminescence lifetimes were determined on a HORIBA Jobin Yvon IBH FluoroLog-3 spectrofluorimeter, adapted for time-correlated single photon counting (TCSPC) and multichannel scaling (MCS) measurements. A sub-microsecond Xenon flashlamp (Jobin Yvon, 5000XeF) was used as the light source, with an input pulse energy (100 nF discharge capacitance) of ca. 50 mJ, yielding an optical pulse duration of less than 300 ns at FWHM. Spectral selection was achieved by passage through a double grating excitation monochromator (2.1 nm/mm dispersion, 1200 grooves/mm).
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Emission was monitored perpendicular to the excitation pulse, again with spectral selection achieved by passage through a double grating excitation monochromator (2.1 nm/mm dispersion, 1200 grooves/mm). A thermoelectrically cooled single photon detection module (HORIBA Jobin Yvon IBH, TBX-04-D) incorporating fast rise time PMT, wide bandwidth pre-amplifier and picosecond constant fraction discriminator was used as the detector. Signals were acquired using an IBH DataStation Hub photon counting module and data analysis was performed using the commercially available DAS 6 decay analysis software package from HORIBA Jobin Yvon IBH. Goodness of fit was assessed by minimizing the reduced chi squared function, χ 2 , and a visual inspection of the weighted residuals. Each trace contained 10,000 points and the reported lifetime values result from three independent measurements. Typical sample concentrations for both absorption and fluorescence measurements were ca. 10 -5 -10 -6 M and 1.0 cm cells in quartz suprasil or equivalent were used for all measurements. An example of a typical lifetime data trace and the corresponding best fit is shown in Figure S1 .
Relaxometric Measurements
The was adjusted by either HCl or KOH. Moreover, the pH of the solutions was controlled before and after the measurement.
Results and Discussion
Solid State Structure
The (Table S2 ) according to Kepert. 23 The coordination geometry is described best by C 2v symmetry corresponding to a bicapped trigonal prism.
Solution Structure
In aqueous solution, the amide oxygen atoms of DMF and the adjacent ligand are replaced with two fast exchanging water molecules (q = 2) as suggested by the NMRD profiles. 15 For the first time, the number of coordinated water molecules q of a TREN-HOPO chelate could also be confirmed by luminescence spectroscopy of its parent Eu(III) complex. The luminescence quenching of coordinated water molecules can be used to determine q directly. 13 Luminescence decaytimes of the Eu-TREN-1,2-HOPO complex were found to be monoexponential at pH ~ 6 in aqueous solution and in D 2 O, with lifetimes of 222 µsec and 372 µsec, respectively ( Figure S1 ). Utilizing the improved Horrocks relationship given by Parker 24 gave an estimate of q = 1.9, which confirms the results obtained for the Gd(III) complex via relaxivity.
For Eu(III), the 5 D 0 → 7 F J transitions are amenable to structural interpretation since, depending on the symmetry, crystal field splitting yields a maximum of 2J + 1 sublevels. Hence, emission spectra of the complex will reflect the symmetry of its immediate surroundings, 25 and a complete analysis of crystal 10 field splitting parameters for the Eu(III) ion under various symmetry conditions using the principles of group theory has been detailed in the literature (Table S3) . 26 Given the determination of an overall eight coordinate (q = 2) complex, a closer analysis of the emission spectra, in particular for the 5 17,300 cm -1 is comparable to J = 1 bands, which suggests this transition is symmetry allowed, implying C 2v symmetry. Further analysis for the J = 1 region (ca. 16,700 cm -1 to 17, 100 cm -1 ) confirms this assignment since only under C 2v symmetry are three J = 1 bands expected, as clearly observed in the spectral deconvolution. Hence, the site symmetry C 2v observed by X-ray crystallography for the TREN derivative is maintained in solution.
Ligand Protonation
Ligand protonation constants were determined by potentiometry in 0.1 M KCl (Table 1) .
Spectrophotometric and NMR titrations confirm these pK a values (Table S5) (pK a = 6.01 (7)) support this assignment and illustrate the difference in the acidity of protonation sites of TREN-1,2-HOPO and TREN-3,2-HOPO. The interaction between the protonation sites amplifies effects resulting from deprotonation at adjacent sites, which change the pK a values. Thus, the pK a values in both TREN-3,2-HOPO and TREN-1,2-HOPO are lower for the more acidic and higher for the more basic moieties compared to reference compounds. The "undisturbed" tertiary amine has a pK a 6.01 (7), which is more acidic than the 3,2-HOPO hydroxyl group, but more basic than the 1,2-HOPO hydroxyl group. This reverse assignment of protonation sites of TREN-1,2-HOPO (amine most basic pK a = 7.16) compared to TREN-3,2-HOPO (amine most acidic pK a = 4.97) is important for explaining differences in the lanthanide chelation and protonation behavior (vide infra).
Stability of the Gadolinium Complex
The low solubility of [Gd(TREN-1,2-HOPO)(H 2 O) 2 ] (c sat = 85 µM) prevents potentiometric titrations for stability assessment and automated spectrophotometric titration experiments were prevented by slow
represents the most basic function in the ligand. We assign the tertiary amine of the TREN scaffold as also the most basic function in this ligand. The observed slow equilibration we attribute to slowed rotation in the ligand around the CC bond between carbamide and aryl ring, most likely occurring upon change of the protonation state at the tertiary amine. It has been shown previously for similar ligands that the resulting hydrogen bond network for the protonated ligand and the metal complex results in different conformations. 29 The fact that this kinetic hindrance is not observed for TREN-3,2-HOPO and similar more basic ligands corroborates the assumption that the amine protonation is crucial for this behavior.
Slow kinetics were circumvented by using batch titration techniques, which allow for long equilibration times typically between one and three days. Competition batch titrations versus DTPA were employed to determine the conditional stability constants at pH 6.1 and 7.4 ( Figure 5 ). From these data and the protonation constants of the ligand, the Gd(III) complex formation constant logβ 110 18.5 (2) was calculated. This number and the protonation of the complex at pK a 5.0 (2) and 3.5 (5) are reflected in changes of fluorescence intensity versus pH of the Eu(III) complex ( Figure S10 ) and relaxivity versus pH of the Gd(III) complex ( Figure S11 ). In the alkaline region TREN-1,2-HOPO competes with the formation of europium hydroxide. 30 The competition of oxide formation at high pH is accurately modeled using logβ 110 18.0 (5) and published europium oxide formation constants. In addition the pH profile of relaxivity suggests that Gd(III) remains coordinated to very acidic pH values, around 1. This is in agreement with the suggested stability and the acidic nature of TREN-1,2-HOPO. Consequently, a non-or only very weakly luminescent species is formed upon first complex protonation. The increase in relaxivity from pH 4 to 2 is caused by partial hydrolysis of one ligand arm from a doubly protonated complex. While the site of the first complex protonation is attributed to the scaffold amine, which is the most basic function in the complex, the second protonation removes one of the 1,2-HOPO groups leaving space for two additional water molecules. The increase in relaxivity from 9.5 to 17 mM -1 s at pH values at which ligand deprotonation no longer plays a role in the complexation equilibrium.
Thus, for basic ligands such as DTPA or TREN-3,2-HOPO, deprotonation still limits the conditional stability constant pGd at pH 7.4 compared to logβ. By contrast, the more acidic TREN-1,2-HOPO reaches the "plateau" resulting from complete ligand deprotonation around physiological pH.
Importantly, for application in MRI pH values above 7.4 play only a minor role. In contrast, acidotic patients with renal failure undergoing imaging have been reported to acquire symptoms of Gd(III)
poisoning. 31 A more acidic ligand such as TREN-1,2-HOPO clearly provides increased stability in the region between pH 1 and 7.
Selectivity for Gd(III) versus Zn(II) and Ca(II)
The toxicity of a MRI-CA does not only correlate with its thermodynamic complex stability, but also with metal binding selectivity of the ligand. Thus, the high gadolinium complex stability of a TREN-1,2-HOPO needs to be completed by either very slow kinetics for metal exchange or preferably by maximized thermodynamic selectivity for Gd(III) over endogenous metals to prevent Gd(III) release in vivo. Zn(II) and Ca(II) are the most abundant metals in this respect, since the concentrations of uncomplexed Zn(II) (10-15 µM) and Ca(II) (0.4 -2.5 mM) in serum are sufficient for release of lethal amounts of Gd(III) (~20 µM). 1 The selectivity of TREN-1,2-HOPO for Gd(III) over Zn(II) and Ca(II) was determined by comparing the conditional stability constants pGd and pZn or pCa with those for the benchmark compound DTPA (pGd-pZn = 4.2; pGd-pCa = 11.7).
14 Competition batch titrations against DTPA were employed to obtain complex stabilities for Zn(II)- Figure 7) . The competition experiments were performed at pH 6.1 and 7.4. 
Anion Affinity
Anion binding at the water coordination site reduces the efficiency of a MRI-CA by replacing these water molecules. For aminocarboxylate ligands, anion binding has been studied with a chiral macrocycle by luminescence spectroscopy of the Eu(III) complex, relaxometry of Gd(III) chelates, and NMR spectroscopy of Yb(III) complexes. In addition solid state crystal structures of ternary complexes were obtained to correlate solid and proposed solution structures. 34 Binding constants of phosphate and oxalate are relatively low for DOTA and DTPA, but cationic complexes of DO3A amide derivatives (q = 2) can efficiently bind bidentate carboxylates such as citrate or malonate. 35 Unlike these cationic chelates, neutral 3,2-HOPO complexes with q = 2 do not or only weakly bind biorelevant anions. Also a cationic and an anionic bis-3,2-HOPO-TAM chelate show smaller association constants with phosphate and oxalate than the commercial, q = 1 chelates Gd(DOTA) or Gd(DTPA). 33 The affinity of Ln-TREN-1,2-HOPO towards several anions was evaluated by relaxometry of the Gd(III) complex and luminescence spectrosocopy of the Eu(III) complex (Table 2) . Endogenous anions like phosphate, carbonate, acetate, or malonate do not interact with both complexes (Figure 8) . A weak interaction with oxalate was detected by decreasing relaxation rate ( Figure 9 ) and increasing luminescence intensity. For complete formation of the ternary complex 1500 equivalents of oxalate are required, which corresponds to a very small binding constant of K a 82.7 ± 6.5 M -1 for the Gd(III) complex and 96 M -1 for the Eu(III) complex.
Ascorbate and catecholate decrease the luminescence intensity of the Eu(III) complex, but no interaction was observed by relaxometry indicating the mechanism for luminescence quenching of the Eu(III) complex does not involve coordination at the metal center. It is possible the ligand triplet state may be quenched by catechol or ascorbate, or alternately, the excited Eu(III) may be partially reduced to Eu(II), which is too high in energy for sensitization by TREN-1,2-HOPO.
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It was also noted that the addition of up to 1000 equivalents of fluoride did not replace water. The only strong binding interaction was observed for a bidentate 3,2-HOPO anion (Figure 9 ). The binding constant is within the expected value around 3100 M -1 (logK a 3.5). This observation corroborates the assumption that only monoanionic and bidentate ligands would form strong ternary complexes with Eu-TREN-1,2-HOPO. The 3,2-HOPO anion binds 1.5 order of magnitude stronger than oxalate, with saturation already below 20 equivalents while other bidentate ligands like catechol or maltol do not bind.
Solution Structure of Ternary Complexes
The change of relaxation rates between Gd-TREN-1,2-HOPO and the ternary adducts suggests that the coordination number increases from 8 to 9 upon binding of bidentate 3,2-HOPO or oxalate ( Figure   10 ). Indeed, the calculated relaxivities r 1p (20 MHz, 25°C) of the ternary complexes (Table 2) Titrations of the Eu(III) complex with oxalate were monitored by variation of luminescence decay lifetimes which rise from 220 µs to 332 µs upon addition of 1500 equivalents of potassium oxalate.
Under these conditions the ternary complex is the dominant species, which is also recognized by slight changes in the emission spectrum. Lifetime measurements clearly indicated the new species has one coordinated water (q = 0.8). 24 The fact that ligands with one carboxylate group do not coordinate under these experimental conditions corroborates that oxalate functions as a bidentate ligand replacing only one water molecule. Such behavior was observed earlier in the oxalate binding of a tren substituted bis-3,2,-HOPO-TAM-TREN complex, which was interpreted as shifting the equilibrium from 8 and 9 coordinate complexes upon addition of oxalate. 33 The emission spectrum of a 10 µM Eu-TREN-1,2-HOPO solution with 1500 equivalents oxalate differs slightly from the one of a pure Eu-TREN-1,2-HOPO solution. Symmetry analysis of the J = 0 and 1 bands (Figure 10 ) for a nine-coordinate Eu(III) center suggests that the coordination geometry is a subgroup of C 4v , since otherwise the J = 0 band would be absent (Table S3) . Fitting the J = 1 band with three equally broad and intense Voigt functions (A and 2B) provides better a result than with two Voigt functions of a 2:1 intensity ratio (A and E). Thus the coordination geometry at the metal center can be assigned to C 2 , a subgroup of C 4V .
Conclusion
The * trace of methanol for calibration. 
